Enzyme engineering is a fast growing research field, mainly as a result of recent developments in directed evolution, rational mutagenesis and in silico techniques. 1, 2 Laccases (EC 1.10.3.2) are multicopper oxidases that reduce oxygen to water through oneelectron oxidation of a reducing substrate. [3] [4] [5] Their broad substrate preference, the use of oxygen as final electron acceptor and the production of water as sole byproduct make them suitable for sustainable chemistry. 6 The active core of this class of enzymes consists of four copper ions arranged in two clusters; the T1 copper, placed in proximity of the protein surface, and the T2/T3 trinuclear cluster (TNC), buried in the protein interior. Four substrate molecules are oxidized in sequence by the T1 copper, which transfers the electrons, one by one, against an uphill redox potential gradient 7 to the TNC, where oxygen is reduced. The overall correlation of the rate constant (k cat ) with the redox potential difference (ΔE°) between the T1 copper and the substrate [8] [9] [10] suggests that: (i) the T1 copper reduction is the ratedetermining step of the catalytic process, and (ii) the rate of this step is determined by the free energy difference between products and reactants. The latter point is likely a consequence of the high reorganization energy that accompanies substrate oxidation. [10] [11] [12] For these reasons the redox potential of the T1 copper, which ranges from 0.4 to 0.8 V vs. normal hydrogen electrode (NHE), is considered the key parameter for substrate oxidation. 3 Enhancing this quantity through mutagenesis would in principle allow to speed up the oxidation of the existing substrates and expand the chemical space of laccases. In this way, new doors to novel applications of these enzymes, which already encompass textile and food industry, bioremediation, forestry and organic synthesis, would be opened. 6 
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Even if some determinants of the redox potential of T1 are known, [13] [14] [15] it is not clear yet how to effectively increase it. Furthermore, the ΔE° vs log k cat correlation can show significant deviation from linearity. 16 The oxidation of syringaldazine by Rhizoctonia solani (RsL) and Myceliophthora thermophila (MtL) laccases is a case in point. 17 Although the redox potential of RsL is 250 mV higher than in MtL, its k cat was found to be 8fold smaller. 17 In another experiment, Xu and coworkers decreased the redox potential of Trametes villosa laccase (TvL) by 110 mV mutating the axial phenalanine to methionine: surprisingly, the turnover number slightly increased. 18 Durão et al. showed that 93 and 60 mV increase in redox potential through mutation of the axial ligand in a bacterial laccase corresponded to a large decrease in k cat against three different substrates. 19 Apart from steric hindrance issues for bulky substrates, 10 which can be overcome through sitedirected mutagenesis of the enzyme pocket, 20 these deviations could be ascribed to the "goodness" of the Michaelis complex, meaning to which extent its structure serves or hinders the ET reaction. Indeed, its conformation has strong influence on: (i) the electrostatic environment 21 around the substrate which shifts its Highest Occupied Molecular Orbital (HOMO) energy perturbing its ionization potential 22 and electronic coupling; 12 (ii) the solvent exposure of the complex, which affects reorganization energy; 13, 23 (iii) the donoracceptor distance, one of the main determinants of the electronic coupling. 24 In this work, we use a new simulation protocol to rationalize by first principles the results of a recent 25 directed evolution study 2 , an experimental technique mimicking natural selection to evolve proteins toward a userdefined goal. We aim at a molecular understanding of how mutations accumulated through in vitro evolution lead to improved catalytic oxidation, 26 4 providing physicochemical grounds for future rational design efforts. In addition, we propose our protocol as an alternative for computational engineering of oxidoreductases. At the heart of our methodology is the combination of efficient conformational sampling techniques and quantum chemical reactivity scoring based on changes in substrate's spin density. The enzyme substrate conformational space nearby the T1 pocket is sampled with PELE 27 , a Monte Carlo algorithm that combines protein structure prediction algorithms with ligand and protein structural perturbations. 28 As shown recently, PELE provides quickly a complete proteinligand energy landscape exploration (and free energies when combined with Markov State Model analysis). 29 Then, twenty structures within 5 kcal/mol of the lowest binding energy pose are randomly selected and their reactivity scored evaluating the amount of spin density localized on the substrate with hybrid quantum mechanicsmolecular mechanics (QMMM) calculations. 30 Spin densities, which have been used to study oxidation mechanisms, 31, 32 estimate electron transfer (ET) pathways, 33, 34 etc., show whether an unpaired electron is energetically more stable in donor's or acceptor's molecular orbitals. Therefore, its variations are expected to reflect changes in the ET driving force. This is confirmed in previous experimental studies, which reveal a linear relationship between the amount of spin density on the donor and its reduction/oxidation potential in ET proteins 35 and small aromatic compounds. 36 Moreover, preliminary calculations (details are provided in the Supporting Information) display a straight correlation between the spin density and the specificity constant of a number of parasubstituted phenols (Table S1, Figure S2 ). Therefore, QMMM spin densities are suitable to score ET reactivity. Along to this descriptor, changes in electron coupling and solvent reorganization energy can be qualitatively predicted in terms of donoracceptor distance 24, 37 and substrate's solvent accessible surface area (SASA) 23 of the poses generated with PELE. Monitoring these quantities is necessary: an increase in spin density upon mutation do not guarantee an improvement in the rate constant if the donoracceptor distance and/or SASA undergo a large increase. Although a rigorous computation of Marcus equation's parameters is possible, [38] [39] [40] [41] this would be far more expensive and therefore unsuitable for screening a big number of mutants in a reasonable time, which is the ultimate goal of our PELE+QMMM computational procedure.
The template laccase of our reference experiment is the Pycnoporus cinnabarinus laccase (PcL) and the substrates employed to screen activity are 2,2 azinobis(3ethylbenzothiazoline6 ′ sulfonic acid) (ABTS) and 2,6dimethoxyphenol (DMP). 25 As a result of the laboratory evolution, the turnover number significantly improved in the final mutant, 3PO, for both substrates ( Table 1 QMMM scoring, applied to the twenty structures randomly selected within 5 kcal/mol of the lowest binding energy pose, gives a result of 0.37 and 0.34 (Table 1) for PcL and 3PO, meaning that 37% and 34% of one electron charge flowed from DMP to the T1 copper center. Therefore, no improvement is found on passing from the wild type to the mutant for binding mode 1. On the other hand, P394H and N208S made room for an alternative enzymesubstrate conformation (2) in 3PO, represented in blue in Figure   2B , forming a hydrogen bond with H394 ( Figure 3B ). Importantly, the spin density of 2 is now 0.66 (Table 1) , significantly higher than the one found for the wild type. Taking into account all of the twenty selected structures in 3PO (mixing 1 and 2, as shown in Figure 2B ), the average substrate's spin density is 0.56. The larger donoracceptor distance in 2 with respect to 1 ( Figure   2B ) clearly indicates that focusing exclusively on this parameter is potentially misleading in ET rate scoring. where k on and k off are the association and dissociation rate constants). Moreover, having two highly accessible reacting binding modes that can be filled simultaneously (as shown with ligand docking using Glide, 44, 45 Figure S4) requires a higher concentration of substrate to reach half of the maximum reaction rate. 43 
ABTS oxidation. When simulating ABTS binding with PELE (240 independent trajectories, 48
hrs each), a sharp minimum (3) is located next to the active site in the wild type Laccase ( Figure   3C ). In the corresponding structures, ABTS forms multiple hydrogen bonds; one of ABTS negatively charged sulfonate groups interacts with N331 and N389 while the other one interacts with two backbone hydrogens ( Figure 3C ). QMMM calculations yield an average substrate's spin density of 0.85 for 3. Due to the N331D mutation, one stabilizing asparaginesulfonate interaction no longer occurs in 3PO and the depth of abovementioned minimum is sensibly reduced ( Figure 2D ). Simultaneously the enzymesubstrate interaction inside the T1 pocket is stabilized, as can be seen by the clear appearance of a second minimum (4) 
Determinants of the driving force improvement.
As stated in the introduction, the reaction rate is mostly driven by the free energy difference between product and reactant of the first oxidation step. 10 This driving force is equal to the redox potential difference between T1 copper and the oxidized substrate. Since the metal redox potential and proteinreactant interaction energies remain nearly identical in the mutant, optimization of the enzyme pocket towards the oxidized substrate must play a major role. To assess this point, we set up a new PELE simulation (48 independent trajectories, 48 hrs each) in which the substrate is modeled in its oxidized state. This is done using the atomic charges obtained from the quantum geometry optimization of the oxidized (radical) species (details on substrate parametrization are provided in the Supporting Information). In such a way, the enzymesubstrate interaction energy represents the degree of stabilization of the oxidized substrate by the protein environment. As shown in the last column of Table 1 , 3PO turned out to be clearly a more favorable host for the oxidized species than PcL, since the minimum substrateenzyme classical (force field) interaction energy is significantly lower in the mutant (Table 1) . Notably, these classical simulations results (improved enzyme radical stabilization in 3PO, Table 1 ) agree with the increase in substrate's spin density seen in the (slow/expensive) quantum mechanics simulations. Such scenario opens the door to implement fast computational screening of mutants using PELE's ligand sampling, which requires ~10 hrs x 8cpus per mutant, to improve the enzymeradical interaction energy through several mutations cycles. Subsequent spin density calculations can be used at the end of each cycle to rescore the most promising mutants.
In conclusion, molecular simulations indicate that mutations accumulated during directed evolution increase laccases enzymatic activity by affecting substrate binding rather than the metal redox potential. Extensive conformational sampling revealed important changes in the proteinligand energy landscape upon mutation. Then, quantum chemical calculations confirmed an oxidation (substrate's spin density) increase as a result of an enhanced electrostatic stabilization of the radical species. No significant change is detected in the T1 copper redox potential. Therefore, the oxidation rate of a target substrate can be improved by fine tuning the binding event. In the authors' opinion, this is a viable way to the design of fitforpurpose laccases (extendable to other oxidative enzymes), which might be undertaken with the assistance of computational methodologies like the one presented here. 
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